Purpose To investigate the feasibility of applying PTD-modified ATTEMPTS (Antibody Targeted Triggered Electrically Modified Prodrug-Type Strategy) for enhanced toxin therapy for the treatment of cancer. Methods A heparin-functionalized murine anti-CEA monoclonal antibody (mAb), T84.66-heparin (T84.66-Hep), was chemically synthesized and characterized for specific binding to CEA overexpressed cells. The T84.66-Hep was then applied to the PTD-modified ATTEMPTS approach and the crucial features of the drug delivery system (DDS), 'antibody targeting' and 'heparin/ protamine-based prodrug', were evaluated in vitro to examine whether it could selective delivery a PTD-modified toxin, recombinant TAT-gelonin chimera (TAT-Gel), to CEA high expression cancer cells (LS174T). Furthermore, the feasibility of the drug delivery system (DDS) was assessed in vivo by biodistribution and efficacy studies using LS174T s.c. xenograft tumor bearing mice. Results T84.66-Hep displayed specific binding, but limited internalization (35% after 48 h incubation) to CEA high expression LS174T cells over low expression HCT116 cells. When mixed together with TAT-Gel, the T84.66-Hep formed a strong yet reversible complex. This complex formation provided an effective means of active tumor targeting of TAT-Gel, by 1) directing the TAT-Gel to CEA overexpressed tumor cells and 2) preventing nonspecific cell transduction to non-targeted normal cells. The cell transduction of TAT-Gel could, however, be efficiently reversed by addition of protamine. Feasibility of in vivo tumor targeting and "protamine-induced release" of TAT-Gel from the T84.66-Hep counterpart was confirmed by biodistribution and preliminary efficacy studies. Conclusions This study successfully demonstrated in vitro and in vivo the applicability of PTD-modified ATTEMPTS for toxinbased cancer therapy. 
INTRODUCTION
Since the first discovery of TAT peptide and its cell penetrating ability in 1988 (1) , to date, numerous protein transduction domains (PTDs) have been synthesized or discovered (2) (3) (4) (5) . Due to the ability to deliver attached cargos (e.g., proteins, peptides and genes) into almost any type of cells (including brain and red blood cells) with an efficiency unmatched by other ligands (6) (7) (8) , PTDs shed light to finally overcoming the cell membrane barrier, a major hindrance for many macromolecular drugs to exert their therapeutic efficacy (9) (10) (11) (12) (13) (14) (15) . However, despite achieving certain successes in various research fields, clinical applications of PTDs has yet so far not been fully accomplished. One of the major impediments lies in the non-selectivity of the PTDs in their action of cell transduction (2, 16) . When the excessive cell translocating ability of PTDs are projected to non-diseased normal cells, it can cause unwanted and, in some cases, severe toxicity if the attached cargoes do not have a selective mode of action in the diseased cells (16) . Therefore to effectively curb the translocating activity of the PTDs and selectively deliver the PTD-conjugated drugs to the disease site has been an imminent task to be addressed. However, to date, despite the necessity and various efforts to develop an ideal delivery strategy to direct the PTDmodified cargos selectively to diseased cells, only a handful of approaches have yet shown success in truly achieving this goal (16) (17) (18) .
PTD-modified ATTEMPTS (Antibody Targeted Triggered Electrically Modified Prodrug-Type Strategy), developed by Yang and co-workers, is a drug delivery strategy which strategically incorporates all the favorable features currently exploited by other drug delivery systems (DDS), 'active antibody targeting' and 'heparin/protamine-mediated prodrug', into a single system. Therefore, the DDS can provide maximum protection and selectivity, but still enables the utilization of the superior PTD-mediated cell transduction as the cell uptake mechanism (18) (19) (20) . Therefore, the PTDmodified ATTEMPTS renders itself an ideal DDS for selective delivery of PTD-modified toxins to diseased cells. As depicted in Fig. 1 , this drug delivery system (DDS) comprises of two compartments: a targeting antibody linked with a heparin molecule, and a drug part created by coupling a protein transduction domain (PTD) to the delivered drug (e.g., protein toxin). These two compartments automatically assemble into a tight complex via a charge/charge interaction between the anionic heparin and cationic PTD. Binding with heparin would mask the cell-penetrating function of PTD due to inhibition of its adsorption to the cell surface. Hence, the complex would provide a prodrug behavior and avoid PTD-mediated uptake by normal tissues, alleviating drug-induced side effects. Following tumor targeting by the linked antibody, protamine sulfate, a clinical heparin antidote that binds heparin stronger than the PTD, will be administered to unmask heparin inhibition and restore the cell-internalization activity of the released PTD-toxin. Once within tumor cells, the toxin will induce apoptosis to only tumor cells.
Previously, we reported the development of a recombinant PTD-modified toxin chimera, TAT-gelonin (a.k.a. TAT-Gel) (21) . Gelonin is a plant-derived toxin with exceptional Nglycosidase activity that can irreversibly inactivate eukaryotic ribosomes (22) . Regarding the activity of gelonin, it was even reported, several gelonin molecules that can fully access the substrate ribosomes inside a tumor cell are sufficient to kill the cell (23) . However, gelonin does not have any cell binding domain that can mediate the internalization into the tumor cells, and thus, by itself, is not effective for cancer treatment (21, 23) . In a sharp contrast to gelonin, the TAT-Gel that we synthesized by attaching a renowned PTD, TAT peptide, to the gelonin by genetic recombination, could internalize various cancer cells while retained the N-glycosidase activity, and thus showed significantly enhanced anti-cancer activity (177-fold lower IC 50 (avg. 54.3 nM)) (21) . However, despite of excellent potency for killing tumor cells, due to the nonspecificity in their cell uptake, a highly effective DDS was required for the safe administration of TAT-Gel.
To this regards, in this research, we explored the feasibility of applying the PTD-modified ATTEMPTS for effective yet safe administration of TAT-Gel, by utilizing a heparin functionalized anti-carcinoembryonic antigen (CEA) mAb, T84.66-Hep that showed feasible tumor targeting of TATGel in our previous studies (24) , as the targeting component and protamine as the trigger release agent. After in vitro characterization of the CEA binding specificity and cell internalization of T84.66-Hep, we prepared an antibody/toxin complex by mixing the T84.66-Hep and TAT-Gel. The functionality of the PTD-modified ATTEMPTS was assessed in vitro via confocal microscopy and cytotoxicity assays. Furthermore, the in vivo applicability of the PTD-modified ATTEMPTS for tumor targeting of TAT-Gel was examined using an LS174T xenograft tumor mouse model.
MATERIALS AND METHODS

Materials
Isopropyl-β-thiogalactopyranoside (IPTG) and carbenicillin were purchased from Fisher Scientific (Pittsburg, PA). Traut's reagent (2-iminothiolane), heparin sulfate, MES (2-(Nmorpholino) ethanesulfonic acid), EDC (1-Ethyl-3- [3-dimethylaminopropyl] carbodiimide Hydrochloride) and TRITC (rhodamine B isothiocyanate) were purchased from Sigma-Aldrich (St. Louis, MO). BL21star (DE3) E. coli strain, AcTEV TM protease, Hybridoma serum free medium (SFM), Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum albumin (FBS) and PBS (pH 7.4) were purchased from Invitrogen (Carlsbad, CA). Dylight 488 and Dylight 775-B4 were purchased from Thermo Scientific (Rockford, IL). PEG (NH 2 -PEG-MAL; 3.5 kDa) was purchased from JenKem Technology USA Inc. (Allen, TX).
Expression and Purification of Recombinant TAT-Gelonin Chimera (TAT-Gel)
Expression and purification of TAT-Gel from E. coli was by following the identical procedures described in Shin et al. (21) . Briefly, a single colony of BL21 (DE3) E. coli transformed with pET-TAT-Gel vector was picked and used to inoculate 20 mL LB medium containing 50 μg/mL carbenicillin. After overnight incubation at 37°C, this starter culture was diluted to 1 L with fresh LB medium, and the large (1 L) culture was incubated under the same conditions. When the optical density at 600 nm (OD 600 ) reached 0.7 -1, IPTG (at a final concentration of 0.5 mM) was added for induction of the expression of TAT-Gel. The culture was further maintained for 6 h, and then the E. coli cells were harvested by centrifugation (4000 rpm for 20 min). After re-dispersion in 20 mM PBS (300 mM NaCl, pH 7), cells were lysed by sonication and the lysates were centrifuged, and the supernatant containing the soluble thioredoxin-6×His tagged TAT-gelonin (a.k.a. TRX-TAT-Gel) was collected and loaded onto Ni-NTA resins (HisPure® Ni-NTA resin, Bio-Rad Laboratories, Hercules, CA). After washing the resins with 20 mM PBS, TRX-TAT-Gel was eluted with imidazole (20 mM PBS, 300 mM NaCl, 400 mM imidazole, pH 7). The final TAT-Gel product was acquired after cleavage of the thioredoxin-6xHis tag via incubation of the TRX-TAT-Gel with TEV protease (AcTEV TM protease, Invitrogen) and subsequent heparin column (HiTrap Heparin HP, GE Healthcare Bio-Sciences, Pittsburgh, PA) purification with salt gradient elution. TATGel was kept in 4°C refrigerator until further use. Recombinant gelonin was expressed and purified following the procedures described in Shin et al. (21) .
Production of T84.66
T84.66, a murine anti-CEA monoclonal antibody, was produced from hybridoma cells (ATCC # HB-8747, Manassas, VA) following the procedures described in Urva et al. (25 Heparin was chemically conjugated to T84.66 via a thioether bond using hetero-bifunctional polyethylene glycol (PEG) as the cross-linker. For heparin activation, heparin (40 mg/mL in 0.1 M MES buffer, pH 5) was mixed with 5-fold molar excess of PEG (NH 2 -PEG-MAL, 3.4 kDa) and 100-fold molar excess of EDC, and then the reaction mixture was incubated for 2 h at room temperature. The heparin-PEG-MAL was purified by using anion exchange chromatography (BioScale TM Mini UNOsphere TM Q Cartridge, Bio-Rad Laboratories, Hercules, CA). At the same time, T84.66 was thiolactivated by incubating T84.66 (10 mg/mL, 50 mM HEPE S buffer, 5 mM EDTA, pH 8) with 10-fold molar excess of Traut's reagent for 1 h at room temperature. Any unreacted Traut's reagent was removed by ultrafiltration (molecular weight cut off (MWCO): 10 kDa), and the generated thiol groups were quantified by Ellman's assay. The prepared thiol-activated T84.66 (T84.66-SH) was mixed with 5-fold molar excess of heparin-PEG-MAL, and the conjugation reaction mixture was incubated for overnight at room temperature. After incubation, the T84.66-Hep was purified from T84.66-SH by anion exchange chromatography using a salt gradient (0 to 2 M NaCl at a rate of 0.02 M/min, flow rate: 1 mL/min). In addition, any unreacted heparin and heparin-PEG-MAL were removed by ultrafiltration (MWCO: 100 kDa). The purification steps for synthesis of T84.66-Hep were monitored by SDS-PAGE analysis, and the T84.66 and heparin amounts consisting of the final T84.66-Hep product were quantified by measuring the optical density at 280 nm (OD 280 ) and azure A assay (26) , respectively.
Cell Culture
LS174T (high expression of CEA) and HCT116 (low expression of CEA) human adenocarcinoma cell lines were purchased from American Type Culture Collection (ATCC) (Manassas, VA). The cell cultures were maintained in DMEM containing 1% (v/v) penicillin-streptomycin and 10% FBS.
Fluorescence Dye Labeling
For labeling of T84.66-Hep, TAT-Gel and gelonin with fluorescence dyes (e.g., rhodamine B isothiocyanate (TRITC), Dylight 488 or Dylight 775-B4), protein samples (5 mg/mL in 20 mM sodium biocarbonate buffer; pH 9.3) were mixed with 5-fold molar excess of dyes and incubated for 2 h at room temperature. After incubation, unreacted excessive dyes were removed by using dye removal resins (Thermo Scientific, Rockford, IL).
Cellular Analyses of T84.66-Hep Binding Selectivity and Internalization
LS174T and HCT116 cells were seeded on 24-well plates at a density of 2×10 4 cells per well and incubated for overnight. To visually observe the cellular association of the T84.66-Hep, when cells were attached on the bottom of the plates, TRITC labeled-T84.66-Hep (at 5 μM concentration) were added to the wells and incubated at 37°C for 2 h. After wash with PBS, the nuclei of the cells were counterstained with Hoechst 33342. The images of the live cells were acquired by using a fluorescence microscope (Nikon Eclipse TE2000S inverted fluorescence microscope) and analyzed with Metamorph software (Molecular Devices Corporation, Sunnyvale, CA). In addition, to quantitatively evaluate the total cell associated and internalized fraction of T84.66-Hep amount along the time course, LS174T and HCT116 cells were incubated with TRITC-labeled T84.66-Hep and incubated at 37°C up to 48 h. At intended time points (0, 0.5, 1, 2, 6, 12, 24 and 48 h), cells were detached from the wells and transferred to eppendorf tubes. To measure the total cell associated amount of T84.66-Hep, the cells were lysed after PBS wash, and the fluorescence intensity was measured using a plate reader (BioTek® Synergy™ BioTek, Co., Winooski, VT). For quantification of cell internalized T84.66-Hep, cells p r e p a r e d i n t h e t u b e s w e r e i n c u b a t e d w i t h glycosylphosphatidylinositol (GPI)-specific phospholipase C (Sigma Aldrich, St. Louis, MO), washed with 0.5 M NaCl/0.1 M acetic acid (27) and then, after lysis, the fluorescence intensity was measured.
In Vitro Assessment of the PTD-Modified ATTEMPTS
LS174T and HCT116 cells were seeded on Nunc™ LabTek™ Chambered Coverglass (Thermo Scientific) at a density of 10 4 cells per well and incubated for overnight. After incubation, cells were treated with either TRITC-labeled gelonin, TRITC labeled-TAT-Gel or TRITC labeled-TATGel/Dylight 488 labeled-T84.66-Hep complex (a.k.a. TATGel/T84.66-Hep) and then incubated at 37°C for 3 h. Final concentrations of gelonin and TAT-Gel were 1 μM, and the TAT-Gel/T84.66-Hep was prepared by mixing the two components at 1:3 molar ratios (TAT : heparin). For a group of LS174T cells pre-treated with TAT-Gel/T84.66-Hep, protamine (3-fold molar excess of heparin) was added to the wells immediately following the complex treatment. After incubation, cells were washed with PBS and the nuclei of the cells were counterstained with Hoechst 33342. The images of live cells were acquired by using a Nikon A1R-A1 confocal laser microscope (Nikon Instruments Inc., Melville, NY) with a 60× objective and analyzed using NIS-Elements microscope imaging software (Nikon Instruments Inc., Melville, NY). . For "TAT-Gel+Pro" treatment, protamine was added to the TAT-Gel pre-treated cells with 1:1 molar ratio. After treatment with the test compounds, cells were incubated at 37°C for 48 h, and the relative cell proliferation was measured by XTT assay. In addition, to evaluate the time dependency of protamine addition time on the effects of protamine triggered release, LS174T cells were incubated with TAT-Gel/T84.66-Hep complex (TAT-Gel concentration: 100 nM; molar ratio of TAT to heparin=3:1) for 6 h, and then, after wash with PBS, protamine (2-fold molar excess to heparin) was added to the wells at different time points (0, 2, 6, 24 and 48 h). The cells were incubated at 37°C for total 72 h since addition of the complex to the wells, and the relative cell proliferation was measured by XTT assay.
LS174T s.c. Xenograft Tumor Mouse Model
Male athymic nude mice (body weight: 23-27 g) were purchased from Charles Rivers Laboratories (Raleigh, NC). Mice were housed in sterile animal facilities and fed by standard chow diet. At day 0 (3 days after arrival), LS174T cells (5×10 6 cells/mouse) were implanted (s.c.) in the left flank regions of the mice. Specifically for biodistribution studies, after tumor implantation, mice were fed by special alfalfa-free diet (AIN-76A rodent diet, gamma-irradiated, Research Diets, Inc, New Brunswick, NJ) to reduce the autofluorescence during the tissue imaging (28) . Tumor size was measured using a vernier caliper, and the volume was calculated by the formula of V (mm 3 )=(w 2 x l) / 2. In the equation, V is the tumor volume, w is the width and l is the length of the tumor.
Biodistribution Studies
The tissue distribution profiles of TAT-Gel, when administered alone and complexed with T84.66-Hep, were examined with LS174T xenograft tumor bearing mice. When the average tumor size reached 500 mm 3 , mice (N=5) were administered with either 5 mg/kg of TAT-Gel-B4 or 2) TAT-Gel-B4/T84.66-Hep (5 mg/kg of TAT-Gel-B4/11 mg/kg of T84.66-Hep) via tail vein injection. The mice injected with TAT-Gel-B4 were euthanized at 15 min, 1, 5 and 24 h post-injection, and the TAT-Gel-B4/T84.66-Hep injected mice were euthanized at 2, 24, 48 and 72 h post-injection, and then the major organs (e.g., tumor, heart, liver, spleen, lung, kidney and intestine) were harvested. The fluorescence intensities of the organs were measured immediately by using the IVIS® spectrum imaging system (Xenogen, Alameda, CA). Ex/Em wavelength of 745 nm/800 nm, binning (8), exposure time (2 s), f/stop (1) and fields of view (25 cm× 25 cm) were used identically for imaging all the organs. The fluorescence images were analyzed using Living Image 2.5 software (Xenogen, Alameda, CA) and mean fluorescence intensities (M.F.I.s) of the organs were calculated by subtracting the mean fluorescence intensity of the corresponding tissue from a blank mouse. The M.F.I.s were normalized by the tissue weights.
In Vivo Evaluation of PTD-Modified ATTEMPTS
Three days after tumor implantation (at day 3) when average tumor size reached 40 mm 3 , LS174T xenograft tumor mice were randomly divided into 5 groups (N=10) and treated with: 1) PBS, 2) TAT-Gel (7 mg/kg), 3) TAT-Gel/T84.66-Hep (7 mg/kg TAT-Gel/21 mg/kg T84.66-Hep), 4) "TAT-G e l / T 8 4 . 6 6 -H e p + P r o " ( 7 m g / k g T A T -G e l / 21 mg/kg T84.66-Hep and 10 mg/kg protamine) or 5) protamine (a.k.a. "Pro", 10 mg/kg). Mice were treated three times with the above recipe at day 3, 6 and 9 via tail vein injection. For the "TAT-Gel/T84.66-Hep+Pro" treatment, protamine was injected to TAT-Gel/T84.66-Hep administered mice via tail vein at 24 h post-injection of the complex. Tumor sizes and body weights of the mice were measured daily. All animal experiments were conducted according to protocols approved by the University of Michigan Committee on Use and Care of Animals (UCUCA).
Statistical Analysis
All data are expressed as mean±standard deviation. An unpaired Student's t-test was used for comparison of the cell associated amounts of T84.66-Hep, and 1-way ANOVA (Tukey's multiple comparison test as the post hoc test) was used in the cytotoxicity and efficacy studies. P<0.05 was considered significant.
RESULTS
Expression and Purification of TAT-Gelonin Chimera (TAT-Gel)
TAT-Gel was successfully produced from E. coli as a soluble and functional protein and purified by using Ni-NTA metal affinity chromatography. The purified thioredoxin-6×His tagged TAT-gelonin (TRX-TAT-Gel) was incubated with AcTEV TM protease (Invitrogen) for removal of the thioredoxin-6×His tag, and the final TAT-Gel product was acquired after subsequent purification with heparin column as a single peak fraction (at 0.7 M NaCl) using salt gradient elution (0 to 2 M NaCl) (data not shown).
Synthesis of T84.66-Heparin Chemical Conjugate (T84.66-Hep)
T84.66 and heparin were chemically conjugated via a stable thio-ether bond formed between thiol-activated T84.66 (T84.66-SH) and heparin derivatized with maleimide groups (Hep-PEG-MAL). The T84.66-Hep conjugate was successfully purified from unreacted T84.66-SH by using anion exchange chromatography (Q Cartridge, Bio-Rad Laboratories, Hercules, CA) with salt gradient elution (0 to 2 M NaCl). While the unreacted T84.66 was eluted initially with no salt, T84.66-Hep was eluted with 0.8-1.8 M NaCl (data not shown). After removal of heparin and heparin-PEG-MAL contained in the T84.66-Hep peak fraction by ultrafiltration, the final T84.66-Hep product was acquired. The production yield for T84.66-Hep was 38% (3.8 mg conjugate based on 10 mg T84.66 used), and the average conjugation molar ratio of T84.66 to heparin was 1:3.
Cell Binding Selectivity and Internalization of T84.66-Hep
To evaluate the selective binding of T84.66-Hep to CEA overexpressing tumor cells, TRITC-labeled T84.66-Hep was incubated with CEA low expression (HCT116) and high expression (LS174T) cells, and the fluorescence images of the cells were acquired by fluorescence microscopy. In addition, the total cell associated and internalized amounts of T84.66-Hep along the time course were quantified by measuring the fluorescence intensities of the cell lysates after different washing procedures. As shown in Fig. 2a , while little, if any fluorescence signal was observed from the HCT116 cells, apparent binding of T84.66-Hep to LS174T cells was observed. After 6 h of incubation, the cell associated amounts of T84.66-Hep reached a plateau, and a significant difference (5.8-fold) in the fluorescence intensities was observed between LS174T and HCT 116 cells (Fig. 2b) . Despite significant binding to the cell surface of LS174T cells, however, cell internalization was limited to 35% of the cell-associated T84.66-Hep after 48 h of incubation; which suggested that the majority of the T84.66-Hep remained on the LS174T tumor cell surface but did not enter the cells.
In Vitro Evaluation of PTD-Modified ATTEMPTS
After preparation and characterization of the drug (TAT-Gel) and targeting (T84.66-Hep) components, the feasibility of 'targeting' and 'prodrug' features of the drug delivery system (DDS) were assessed using confocal microscopy. As shown in Fig. 3 , whereas no fluorescence signal was observed from HCT116 and LS174T cells after incubation with gelonin (A & D), significant internalization of TAT-Gel (B & E) was observed from both the cell lines, indicating effective yet nonselective mode of cell transduction of TAT-Gel. However, when HCT116 cells were incubated with TAT-Gel/T84.66-Hep (C), little fluorescence intensity was observed, suggesting that the T84.66-Hep completely blocked the cell transduction of TAT-Gel, and thus TAT-Gel remained as an "inactive prodrug" outside the cells. In comparison to the HCT116 cells, LS174T cells incubated with TAT-Gel/T84.66-Hep exhibited apparent binding of both components to the cell membrane; as observed from the superimposed fluorescence signals (F & G) on the boundary of the cells. These results indicated that TAT-Gel/T84.66-Hep could bind selectively to CEA overexpressed tumor cells as a stable complex yet remained on the cell surface rather than internalized. In a sharp contrast, when protamine was added to the LS174T cells treated with the TAT-Gel/T84.66-Hep, while T84.66-Hep (H) was remaining on the cell membrane, significant internalization of TAT-Gel (I) was observed; suggesting that protamine was able to release TAT-Gel from the T84.66-Hep counterpart, and the freed TAT-Gel internalized cells as an "active drug".
T84.66-Hep and Protamine Effects on Cytotoxicity Induced by TAT-Gel
The modulating effects of 'T84.66-Hep binding' and 'protamine-induced release' on TAT-Gel-induced cytotoxicity were evaluated on LS174T cells. The results are shown in Table I . Treatment of cells with TAT-Gel/T84.66-Hep showed no cell death (up to 5 μM of TAT-Gel) at above 3:1 molar ratio (TAT : heparin), while significant cytotoxicity (IC 50 =29.2±7.9 nM) was observed by treatment of TATGel alone (Fig. 4a) . In comparison, when protamine (a.k.a. "Pro") was added to the cells pre-treated with the TAT-Gel/T84.66-Hep, significantly enhanced cytotoxic effect was observed. Notably, at above heparin-toprotamine molar ratio of 5:1, the IC 50 values by the "TAT-Gel/T84.66-Hep+Pro" treatment were similar to that of the TAT-Gel (Fig. 4b) . To assess the time dependency of protamine addition time on the effects of the protamine-induced release, when the LS174T cells pretreated with TAT-Gel/T84.66-Hep were incubated with protamine given at different time points (0, 2, 6, 24, 48 h), significant cell death was observed throughout all the protamine-treated cells, compared with the cells not treated with protamine (Fig. 4c) . However, no statistical difference was observed regarding the cell viability among the protamine-treated groups.
Biodistribution Studies
Biodistribution profiles of TAT-Gel, when administered alone and complexed with T84.66-Hep, were examined with LS174T xenograft tumor bearing nude mice. Figure 5a and d exhibit the representative organ images from the mice administered with TAT-Gel-B4/T84.66-Hep at 2, 24, 48 and 72 h post-injection and the weight normalized M.F.I.s of the organs, respectively. When TAT-Gel-B4 was administered alone, rapid tissue distribution and elimination was observed from the body. As can be seen from Fig. 5a and c, even at 15 min post-injection, only minimal fluorescence intensity was observed from the heart which reflects the fluorescence intensity from the blood (29) . TAT-Gel-B4 was mainly distributed to kidney and liver, and only a weak fluorescence signal was observed from the tumor up to 5 h (Fig. 5a and c) . In a sharp contrast, when TAT-Gel-B4/T84.66-Hep was administered, TAT-Gel-B4 showed significantly prolonged residence in the blood circulation; as implicated by the presence of a traceable amount of fluorescence signal from the heart even at 24 h post-administration. At 2 and 24 h post-injection of TATGel-B4/T84.66-Hep, TAT-Gel-B4 was observed in most of the organs (e.g., kidney, tumor, spleen, liver, heart and intestine), but, at 48 h post-administration, only visible from tumor, liver and kidney ( Fig. 5b and d) . By 48 h post-administration of TAT-Gel-B4/T84.66-Hep, the tumor-to-heart ratio of the weight normalized M.F.I. increased up to 17-fold (from 1.0 at 2 h post-administration to 17.1); suggesting that active targeting of TAT-Gel was indeed achieved by complexation with T84.66-Hep. In result, remarkably, a 43-fold higher tumor exposure (AUC tumor ) was observed by administration of the TAT-Gel-B4/T84.66-Hep, compared with injection of TAT-Gel-B4 alone.
In Vivo Evaluation of PTD-Modified ATTEMPTS With LS174T Xenograft Bearing Mice
To evaluate the feasibility of applying PTD-modified ATTE MPTS for effective yet safe delivery of TAT-Gel to tumor, a preliminary efficacy study was conducted using LS174T xenograft tumor mouse model. As shown in Fig. 6a and b, at day 40, mice administered with TAT-Gel (1770±470 mm 3 ; 13% reduction) and protamine (1920±437 mm 3 ; 6% reduction) showed no statistically significant differences in their tumor volumes compared with those of the control PBS-treated mice (2042±410 mm 3 ), indicating there were little therapeutic effects by neither TAT-Gel nor protamine alone. In comparison, the mice treated with TAT-Gel/T84.66-Hep (1270± 419 mm 3 at day 40; p<0.01**; 38% reduction) showed a significant inhibition in tumor growth; presumably contributed by enhanced tumor accumulation and release of a portion of TAT-Gel from the T84.66-Hep counterpart on the tumor cell surface. However, it was the mice treated with a combination of TAT-Gel/T84.66-Hep and protamine (a.k.a. "TAT-Gel/T84.66-Hep+Pro"; protamine administration at 24 h-post injection of TAT-Gel/T84.66-Hep) which exhibited the greatest therapeutic effects (707±289 mm 3 at day 40, p <0.001***; 65% reduction). Statistically significant difference was observed in the tumor volumes between the two groups of TAT-Gel/T84.66-Hep and "TAT-Gel/T84.66-Hep+Pro" (p<0. 05*).
During the efficacy studies, the average body weight of the mice in all the groups increased from 25.1±2.2 g at day 0 to 33.3±1.8 g at day 40. As shown in Fig. 6c , the average body weight of protamine-treated mice was similar to that of control (PBS-treated) mice along the time course. However, mice treated with TAT-Gel, T84.66-Hep/TAT-Gel and "T84.66- Hep/TAT-Gel+Pro" experienced loss of body weight by the treatment. Specifically, when compared the average body weights at day 10 (the next day after the last treatment), TAT-Gel-treated mice (20% weight loss; p < 0.001***) showed the most severe loss during the treatment, followed by mice treated with "TAT-Gel/T84.66-Hep+Pro" (15% weight loss; p<0.001***) and TAT-Gel/T84.66-Hep (7% weight loss; p<0.05*).
DISCUSSION
Due to the unmatched transduction efficiency, protein transduction domains (PTDs; e.g., LMWP and TAT) offered an exceptional method for intracellular delivery of various macromolecular drugs (e.g., proteins, peptides and genes, etc.) (9, (30) (31) (32) (33) (34) (35) . However, the lack of selectivity in their cell internalization can severely halt the clinical application of those PTDmodified drugs, especially when the drugs (e.g., protein toxins) do not have selectivity in their mode of action only to the diseased cells, because of the concerns of introducing severe drug-associated toxicity on normal tissues (9, 16) . To this regards, in this research, we explored the feasibility of applying PTD-modified ATTEMPTS (Antibody Targeted Triggered Electrically Modified Prodrug-Type Strategy) (18), a drug delivery strategy based on 1) active antibody targeting, 2) heparin/protamine-mediated prodrug and 3) PTDmediated cell transduction, for effective yet safe administration of a PTD-modified toxin chimera, TAT-gelonin (a.k.a. TAT-Gel) for cancer therapy (Fig. 1) .
Two crucial factors which must be maximally optimized to practically realize a clinically effective anti-cancer drug therapy by the PTD-modified ATTEMPTS are: efficiency of antibody targeting and extent of prodrug protection. The first issue relates to antibody targeting, in order to reach a clinically needed therapeutic efficacy but limited drug-induced toxicity, tumor targeting of the antibody must be sufficiently high. This problem could be answered by adopting a highly effective m A b ( e . g . , T 8 4 . 6 6 ) f o r t h e t a r g e t i n g m o i e t y . Carcinoembryonic antigen (CEA) has been shown to be involved in tumor growth and metastasis, mediation of cell-cell adhesion, and recognition of tumors and apoptotic pathway by the immune system (36) . It is a glycosylated cell surface antigen known to be significantly over-expressed in certain adenocarcinomas including colorectal cancer, while displaying limited expression in normal tissues from which the tumor originates (36, 37) . This differential expression offers a means for discriminating tumor cells from normal tissues, rendering CEA an extremely attractive target for antibody-directed tumor therapy. Indeed, T84.66, a mouse monoclonal antibody developed against human CEA, displayed a very high affinity (K a = 2.6×10 10 M −1 ) and targeting specificity toward CEA-expressing tumors (38) . In a previous study comparing the plasma pharmacokinetics of T84.66 in control and CEA-expressing LS174T xenograft bearing mice, at low doses (e.g., 1 mg/kg), it was reported that greater than 85% of the injected T84.66 dose accumulated at the tumor target, exemplifying an extraordinarily targeting efficiency toward colorectal tumors (39) . Aside from this unmatched targeting specificity, another crucial merit of T84.66 was being a non-internalizing mAb, as its actions to inhibit tumor growth stem from blocking the establishment of new metastatic sites and cell proliferation (27) . This noninternalizing property endows us to exploit the maximum extent of protamine-induced release of TAT-Gel targeted to the tumor cells. Importantly, through cellular studies ( Fig. 2a and  b) , we found that, after heparin conjugation, T84.66 still retained those important properties of specific CEA binding and non-internalization. After incubation with TRITC-labeled T84.66-Hep, significantly higher fluorescence intensity was observed from CEA high expression (LS174T) cells than low expression (HCT116) cells, which clearly evidenced the targeting ability of T84.66-Hep to CEA overexpressed cancer cells. Moreover, quantitative analyses of the cell associated and internalized amounts of T84.66-Hep (Fig. 2b) , showed that, up to 48 h, the majority (65% at 48 h) of T84.66-Hep remained on the cell surface and were available for protamine activation.
The 'prodrug' feature of the DDS is modulated by two components, heparin and protamine. Heparin, a biocompatible polymer with exceptionally high density of negative charge residues on the molecule surface, strongly yet reversibly binds with highly cationic PTDs and neutralizes their positive charge essential for cell transduction (18) . Thus, the heparin/PTD interaction provides an effective means for safe delivery of PTD-modified toxins to the tumor site as an 'inactive prodrug' unable to exert any toxicity to non-targeted normal cells. Once targeted, however, this heparin/PTD binding needs to be efficiently reversed for the PTD-modified toxins to enter tumor cells. For the triggered release of the PTD-toxins, protamine, a clinical antidote used for heparin intoxication, is an ideal agent because protamine has much stronger affinity to heparin than cationic PTDs (e.g., TAT and LMWP) (20, 25) . In this study, the prodrug feature of the DDS was evaluated by confocal microscopy ( Fig. 3 ) and cytotoxicity studies (Fig. 4) . The confocal images of the cells apparently showed that TAT-Gel can internalize cells, regardless of whether they are CEA low expression (HCT116) (Fig. 3b) or high expression (LS174T) (Fig. 3e) . However, neither of the cells incubated with TAT-Gel/T84.66-Hep, exhibited internalization of TAT-Gel. While HCT116 cells showed neither binding nor internalization of TAT-Gel (Fig. 3c) ; as the TAT-Gel/ T84.66-Hep cannot bind to the cells, in case of LS174T cells, the complex was able to bind but remained on the cell surface ( Fig. 3f and g ). The consequence of the heparin blocking of the internalization of TAT-Gel was clearly realized from the cytotoxicity studies. Complexes prepared by increasing TAT-toheparin molar ratios (from 5:1 to 1:3) exhibited significantly attenuated cytotoxicity (Fig. 4a) . Specifically, at above TATto-heparin molar ratios of 3:1, the TAT-Gel/T84.66-Hep yielded no cytotoxicity (up to 5 μM of TAT-Gel), suggesting that TAT-Gel cell internalization was completely blocked by the T84.66-Hep. In a sharp contrast, when protamine, the trigger agent, was added to the LS174T cells pre-treated with TAT-Gel/T84.66-Hep, significant uptake of TAT-Gel was observed ( Fig. 3h and i ) and led to remarkably enhanced anti-cancer effects (Fig. 4b) . Importantly, this protamineinduced release of TAT-Gel from the T84.66-Hep counterpart on the LS174T cell surface was available even 48 h after the complex was bound to the cells (Fig. 4c) , suggesting the presence of a timely window for the protamine administration after the TAT-Gel/T84.66-Hep complex is cleared from the blood circulation.
Encouraged by the in vitro feature characterizations of the PTD-modified ATTEMPTS, the feasibility of the approach was further evaluated in vivo by examining the biodistribution, efficacy and toxicity using LS174T xenograft tumor bearing mice. The biodistribution study results (Fig. 5) provided us with a convincing evidence of tumor targeting by means of the DDS. Remarkably, a 43-fold enhancement in tumor exposure (AUC tumor ) of TAT-Gel was accomplished by administration of the complex. This significant increase in the tumor accumulation appears not only due to the successful active targeting mediated by T84.66, but also stems from the dramatic change in the plasma residence time of the TAT-Gel by forming a complex with T84.66-Hep. Indeed, by administration as TAT-Gel/T84.66-Hep complex, TAT-Gel exhibited a significantly prolonged residence in the blood as well as other major organs; as evidenced by the fluorescence intensity observed from the heart up to 24 h, compared with minimal detection from the heart dissected from the mice administered with TAT-Gel alone even at 15 min. This dramatic increase of TAT-Gel residence in the blood circulation can be highly beneficial for the treatment as it can provide a much greater opportunity for passive targeting that relies on the enhanced permeation and retention (EPR) effect, especially for drugs, such as toxins with extremely short plasma half-lives (<5 min) (40) . Based on all the evidences gathered from our experiences, the proof-of-concept of the feasibility of the DDS for application to toxin-based cancer therapy was assessed via a preliminary in vivo efficacy study with LS174T xenograft bearing mice (Fig. 6) . While TAT-Gel yielded no therapeutic effect, presumably due to insufficient tumor accumulation ( Fig. 5a and c) , the mice treated with TAT-Gel/T84.66-Hep and "TAT-Gel/T84.66-Hep+Pro" exhibited significant inhibition of tumor growth (38% inhibition of tumor growth, p< 0.01**, 65% inhibition of tumor growth, p<0.001***, respectively). While these results demonstrated the significance of targeting for enhanced therapeutic effects, the highest therapeutic effect by the "TAT-Gel/T84.66-Hep+Pro" treatment substantiated our hypothesis that protamine can reverse the inhibition of T84.66-Hep block and free the TAT-Gel to enter the tumor cells.
Despite the beneficial therapeutic effects by protamine administration, the study results also revealed potential toxicity concerns if any "prodrug" can be activated by protamine in the blood circulation or normal tissues; evidenced by a significantly higher toxicity observed from the mice treated with "TAT-Gel/T84.66-Hep+Pro"compared with TAT-Gel/ T84.66-Hep-treated mice (Fig. 6c) . To this regards, extensive animal studies accompanied with physiologically-based pharmacokinetic (PBPK) modeling are currently ongoing by our research group for optimizing the time for protamine administration.
CONCLUSION
In this research, we demonstrated the feasibility to apply PTD-modified ATTEMPTS for toxin therapy for the treatment of cancer, by using a heparin-functionalized non-internalizing anti-CEA mAb, T84.66-Hep, and a recombinant
